Summary: Intracisternal injection of blood in the rat in duces an angiographically demonstrable, biphasic cere bral vasospasm of the vertebrobasilar system, with a maximal acute spasm at 10 min and a maximal late spasm at 2 days after the subarachnoid hemorrhage (SAH). Se lective lesioning of the AI nuclei in the medulla oblongata prior to the SAH prevents the development of the late spasm, but the acute spasm develops to the same extent as in sham-lesioned animals. Lesions of the medullary A2
nuclei not only prevent the development of both acute and late spasm, but give rise to a dilatation of the verte brobasilar arteries at day 2 post-SAH. The study indi cates that both the AI and A2 nuclei participate in the development of vasospasm post-SAH. The contrasting patterns of spasm after AI and A2 lesions suggest a dif ferent mechanism for acute and late spasm. Key Words: AI and A2 lesions-Angiography-SAH-Vasospasm -Rat -N aradreueline.
A2· Therefore, the Al and/or A2 are the nuclei in volved in the development of spasm. The findings indicate that blood probably does not induce spasm via a direct action on the wall of the cerebral ar teries, but that a neural mechanism is involved.
Sensory information from the arteries of the brain might be relayed to the hypothalamus as the main site for the coordination of autonomic and endo crine response via the nucleus tractus solitarius (NST) and the Al and A2 nuclei, which are richly interconnected with the NST.
The aim of the present study was to determine, using a selective lesioning technique, which of the two nuclei, Al or A2, participated in the production of vasospasm.
METHODS
The experiments were performed on male Sprague Dawley rats that weighed between 260 and 330 g.
Anesthesia and surgical procedures
Following the initiation of anesthesia with 4% halo thane, the animals were intubated and artificially venti lated. During insertion of catheters, anesthesia was main tained with 0.75% halothane in a 70% nitrous oxide and 30% oxygen mixture. After infiltrating the skin with lido cain hydrochloride (Xylocain; Astra S6dertalje, Swe den), catheters were inserted into the axillary arter ies for subsequent angiography (for technical details see Delgado et aI., 1985) . A femoral artery and vein were cannulated for continuous blood pressure monitoring and for infusion of drugs. Heparin (Vitrum, Stockholm, Sweden; 75 IU/kg) was given intravenously. After com pletion of the surgery, the halothane was disconnected and suxamethonium chloride (Celocurin, ACO, Solna, Sweden, 3 mg/kg, i.v.) was given. Thirty minutes were allowed to pass before angiography.
Angiography
Vertebrobasilar angiography was carried out via bilat eral axillary catheters. Metrizamide (Amipaque; Nye gaard & Co., Oslo, Norway) was used as the contrast medium. Following the control angiography, 0.07 ml of homologous blood was injected into the cisterna magna via a previously implanted catheter (Delgado et aI., 1985) . Repeat angiography was performed 10 min and/or 2 days after the blood injection. The animals examined on day 0, had the catheters removed after the angiography and were extubated when awake. On day 2, the catheters were reinserted into the axillary arteries. As a side branch proximal to the ligation of the axillary artery was left intact, the catheters could, with rare exceptions, always be reinserted.
Measurements of the vertebral and basilar arteries were made at four preselected points using a technique similar to that described by Gabrielsen and Greitz (1970) . The measurements were made with a precison of 0.05 mm. The values were averaged and expressed as a per centage of control. Each animal served as its own con trol.
Stereotaxic lesions
A Kopf stereotaxic instrument was used. All lesions were made under barbiturate anesthesia (Brietal, India napolis, Indiana, U.S.A., Lilly; 40 mg/kg, i.p.) 2-3 weeks prior to angiography. The lesions were produced with 6-hydroxydopamine (6-0HDA; Sigma Chemials Co., St. Louis, MO, U.S.A.), which was dissolved in sa line containing 0.2 mg/ml ascorbic acid and injected via a glass cannula connected to a 5-1L1 Hamilton syringe. The diameter of the cannula was 60-100 ILm. The injection time was 1 min at each site. Five minutes were allowed to pass before withdrawal of the cannula.
Bilateral lesions of the Al nucleus. With the obex as the zero point, the injections were made 0.3 mm rostral and 0.4 mm and 1.1 mm caudal to the obex ( in relation to the midline and obex according to Kalia et al. (1985) . Solid circles represent lesion sites (see text). (8) With the obex as the zero point, the injections were made 0.2 mm rostral and 0.5 mm and 1.2 mm caudal to the obex, respectively, and 0.3 mm lateral to the midline ( Fig. lA and B) . The toothbar was 11 mm below the interaural line. The can nula was lowered 0.5 mm below the dorsal surface, and 4 ILg in 0.5 ILl solvent was injected at each point.
Sham lesions. In the sham lesioned Al or Az animals, only the solvent was injected. In an additional three an imals, 4 ILg 6-0HDA in 0.5 ILl solvent was injected out side the Al and Az areas at the following coordinates: 0.3 mm rostral and 0.4 mm and 1.1 mm caudal to the obex, 0.8 mm lateral to the midline, and 0.5 mm from the base of the skull.
Control of lesions. Both the Al and A2 lesions were controlled by fluorescence microscopy of the lesion sites and by chemical determination of the noradrenaline (NA) content in the frontal cortex and hypothalamus. Three of the animals in each group were perfused according to the method of Loren et al. (1976) to better visualize intrapa renchymal CA fibers. No chemical determinations were made in the perfused animals.
The Al lesioned animals included in the study had a 61.1 ± 6.0% (mean ± SEM) reduction in the NA content in the hypothalamus ( Table I ). There was no reduction in the NA content of the frontal cortex as compared to sham-Iesioned animals. The microscopy demonstrated that the lesion track was localized to the medial aspect of the Al nucleus, without signs of cellular necrosis. In the perfused animals, small uniformly sized fluorescent Al neurons were seen without the typical delicate dendrite or fiber network normally seen within the Al nucleus. The dorsomedial projections from the nucleus were ab sent. The CA neurons and network of fibers in the A2 seemed unaffected by the Al lesion.
The A2 lesioned animals included in the study had a 31.9 ± 6.4% (mean ± SEM) reduction in NA in the hy pothalamus. There was no reduction in the NA content of the frontal cortex. Microscopy revealed that the lesions were placed within the A2 nuclei. In the perfused an imals, different sized fluorescent A2 neurons without dendrites or fibers were seen. The cells exhibited a varying degree of fluorescence intensity. In the area pos trema at the dorsal aspect of the lesion, scattered small neurons of seemingly normal fluorescence intensity were seen; a few of the cells had fiber or dendrite projections. The Al neurons in the A21esioned animals appeared to be intact, and fibers could be seen projecting from the nu- cleus dorsomedially toward A2. These fibers exhibited no signs of degeneration (Cajal, 1928) .
Statistics
The data were analyzed using the Student's t test.
Experimental design
All the animals had angiography 10 min and/or 2 days post-SAH, i.e., the time points for the maximal acute and late spasm, respectively (Delgado et al., 1985) .
Group 1. Fifteen animals with Al lesions. Three an imals were examined at both ten min and 2 days post SAH. Twelve animals were examined at only one of the time points.
Group II. Thirteen animals with A2 lesions. Five were examined at both and 8 only at one of the time points.
Group Ill . There were three sham-lesioned animals for each of the lesioned groups and three animals with 6-OHDA lesions in the medulla oblongata outside the Al and A2 nuclei. All of the sham-lesioned animals had angi ography at both time points.
Group IV. Six normal animals.
RESULTS
The physiological parameters at the timepoint of angiography before and after the SAH are shown in Ta In the sham-Iesioned and normal animals, cis ternal blood injection produced an acute spasm of about 36% at 10 min and a late spasm of about 27% at 2 days after the SAH (Fig. 2) . In the animals with Al lesions, there was an acute spasm of about 32%, but no late spasm following SAH (Fig. 3) . Lesion of A2 prevented the development of acute spasm and produced a dilatation close to 17% (p < 0.05) at day Both lesioned groups, but especially the Al le sioned animals, were extremely sensitive to suxa methonium chloride. The passivity noted after the lesion in these animals increased further after the SAH. Due to the fragility of the lesioned animals, in particular those with Al lesions, most of these 
DISCUSSION
In a previous study, we demonstrated that cis ternal blood injection in the rat produces a biphasic pattern of cerebral vasospasm in the vertebrobas ilar system as revealed by angiography (Delgado et aI., 1985) . Subsequently, we found that lesioning of the ascending CA pathways in the medulla oblon gata rostral to the A] and A2 nuclei prior to the ex perimental SAH prevented the development of both the acute and the late spasm (Svendgaard et aI., 1985a) .
In the present study, bilateral selective lesions of (Snyder et aI., 1978) . Using dif ferent dyes, an average diffusion distance of 1.0 and 1.9 mm has been found after injection of 0.5 and 1.0 j.Ll, respectively (Myers, 1966) . We have used 8 j.Lg 6-0HDA/j.L1 solvent in injection volumes of 0.5 or 0.25 j.LI in order to achieve an adequate lesion combined with a minimal spread of the com pound. By injecting the small volumes used in this study, we found it possible to produce an axotomy of the CA neurons in either the A] or A2 nucleus without affecting the other nucleus or causing cel lular necrosis.
The bilateral Al lesion caused a 61.1 ± 6.0%
(mean ± SEM) reduction in the NA content of the hypothalamus. This substantial reduction is consis tent with findings from different histochemical studies, suggesting that the major source of the NA innervation to the hypothalamus originates in the A] nuclei (Sakumoto et aI., 1978; Sawchenko and Swanson, 1982) . To our knowledge, the NA content of the hypothalamus has not been previously mea The bilateral A2 lesion produced a 31. 9 ± 6.4% reduction in the NA content of the hypothalamus.
This reduction is in agreement with the decrease seen by Palkovits et al. (1980) , who found a 20-30% reduction in NA in discrete hypothalamic nuclei following bilateral A2 lesions. The fluores cence microscopy of the lesion sites, demonstrating the absence of projecting fibers from AI and A2, is in accordance with our biochemical findings. In the A2 lesioned animals, there were fibers or dendrites in the area postrema. The area postrema includes adrenaline-containing neurons (Kalia et al., 1985) , which are known to be less sensitive to 6-0HDA than NA-containing nerve cells (Jonsson et al., 1976 ).
The pial vessels of the frontal lobes in animals with lesions of the ascending NA pathways from the AI and A2 nuclei were examined by fluorescent microscopy and revealed no reduction in the fluo rescent intensity or in the number of sympathetic nerve terminals (unpublished observation).
The pulmonary edema seen during the AI le sioning procedure might be part of a cardiovascular syndrome described by Blessing et al. (1981) in AI lesioned rabbits and by Imaizumi et al. (1983) and Minson and Chalmers (1984) in rats. These authors observed acute hypertension and bradycardia, fol lowed by pulmonary edema that frequently caused the death of the animals. The A2 lesions caused a moderate increase in MABP acutely, which is in agreement with the findings of Snyder et al. (1978) .
At the angiographical examination 2-3 weeks after the AI or A2 lesions, there were no significant changes in MABP and pulse rate pre-SAH as com pared to sham-lesioned animals. Blessing et al.
( 198 1) found a normalization of MABP and pulse rate 2 weeks after an AI lesion in rabbits, despite the persistent increase in distal aortic resistance. To our knowledge, MABP and pulse rate have not been measured previously in the chronic state after AI lesions in rats. Our finding of a vasoconstriction pre-SAH in the vertebrobasilar area 2 weeks after AI lesions is comparable with the finding of an in creased resistance in the peripheral vascular bed as reported by Blessing et al. (198 1) . These authors at tributed the increased peripheral resistance to the destruction of neurons that tonically inhibit sympa thetic vasomotor activity. The mechanism under lying the central vasoconstriction is not known.
In primates, Mendelow et al. (1977) found that destruction to the extrinsic and impairment of the intrinsic noradrenergic pathways with intracisternal 6-0HDA reduced the CO2 responsiveness but did not affect autoregulation. Investigations are in progress to examine the autoregulation and CO2 re sponsiveness in animals with lesions of AI and A2.
Previous studies (Snyder et al., 1978; Ta lman et al., 1980) have shown that lesions affecting A2 pro duce chronic lability of blood pressure in awake rats. We did not observe blood pressure lability in our anesthetized lesioned animals 2-3 weeks after the lesions. This could be due to the extreme sensi tivity of the lability to anesthesia described by Snyder et al. (1978) .
The data from the present study indicate that the AI nucleus is involved in the late, but not the acute, spasm, whereas A2 is involved in both phases of vasospasm. Recent evidence has indicated that a function of these nuclei is to receive interoceptive sensory signals for transmission to the hypothal amus, where the coordination of the autonomic and endocrine responses occurs (Hansen et al., 198 1; Sawchenko and Swanson, 1981; Iversen, 1984) . (Palkovits and Zaborsky, 1977) and has recently been shown to innervate the anterior cerebral circulation (Mayberg et al., 1984; Arbab et al., 1986) . Using a tracing technique (wheat germ agglutin-horse radish peroxidase), we have found that the trigeminal ganglion and the second spinal ganglion that innervate the posterior cerebral circu lation (Arbab et al., 1986 ) project monosynaptically to the NTS (unpublished observations). The AI nu cleus has reciprocal connections with the NTS, whereas the A2 nucleus is intermingled with the NTS.
The AI and A2 nuclei project either directly or via the parabrachial or the dorsal raphe nuclei to the hypothalamus (Ricardo and Koh, 1978; Levitt and Moore, 1979; Loewy et al., 198 1) . The nuclei within the hypothalamus receiving innervation from AI and A2 are above all the paraventricular and the su praoptic (Sawchenko and Swanson, 198 1, 1982) .
Electron microscopical and biochemical evidence of a direct neuronal connection between AI or A2 and the median eminence has been provided by Palkovits et al. ( , 1980 .
In a previous communication , it was shown that the median eminence in the hypothalamus is also involved in the develop ment of vasospasm, and it was suggested that the NA terminals in the internal layer of the median eminence participate in the spasm development.
The exact function of these terminals is not known, but in general, they are thought to have a facilitatory effect on the peptide secretion (Fuxe et al., 1977) .
The median eminence, besides its role in peptide secretion, is interconnected with other hypotha lamic nuclei and directly or indirectly with the basal forebrain or lower brain stem and spinal cord (Wie gand and Price, 1980; Sawchenko and Swanson, 198 1, 1982; Palkovits, 1982) .
The reason for the difference in the spasmogenic effects of blood or blood components on cerebral arteries seen in in vitro studies (Kapp et al., 1968; Allen et aI., 1974; Ta nishima, 1980 ) as compared to our in vivo experiments is not obvious. The slow onset and the protracted course (Delgado et al., 1985) In the in vivo situation, an SAH produces gradual release of NA from the nerve terminals-probably via a sympathetic hyperdischarge (Svendgaard et aI., 1977 (Svendgaard et aI., , 1985b . A similar release of the numerous other transmitters contained in the perivascular nerve fibers might also occur. In addition, the reup take mechanism of the nerve terminals seems to be essentially intact acutely after an SAH, only to pro gressively deteriorate subsequently (Svendgaard et aI., 1977) . In the in vitro model, there is a more direct contact of the blood components to the muscle layer of the vessel. There is hardly any reuptake of transmitters in the nerve terminals, and the enzymatic transmitter degradation is undoubt edly impaired. Finally, a damage to the endothe lium in the in vitro model could alter the dilatatory capacity of the vessels (Lee, 1980 In contrast to the acute spasm, the late spasm seems to be influenced by the sympathetic system.
We have found that there is a 50% reduction in the degree of late spasm in animals with chronic sym pathectomy (Svendgaard et aI., 1985b) . Sympathec tomy in patients has been shown also to reduce the degree of late spasm (Kodama et al., 1980) . A neu rohumoral mechanism could also participate in the development of late spasm. We have analyzed cere brospinal fluid (CSF) from the rat using high-per formance liquid chromatography and have found a hitherto unknown compound with vasoconstrictive properties during the late spasm phase (to be pub lished). The spasmogenic compound is probably a peptide and appears in the same position in the chromatogram of the CSF from both humans and rats with an SAH (to be published).
The reason for the dilatation seen at day 2 post SAH in the A2 lesioned animals is not known.
Al and A2 heavily innervate the paraventricular and supraoptic nuclei that regulate the liberation of vasopressin and oxytocin (Sawchenko and Swanson, 198 1, 1982) . Vasopressin is found in widespread cerebral regions and is known to partic ipate in the regulation of the peripheral circulation (Buijs et al., 1978; Schmid et aI., 1984; Zimmerman et al., 1984) , and there is evidence that it is involved in the osmolar changes in plasma and urine (Joynt et al., 1965; Wise, 1978) and in the genesis of brain edema after an SAH (Doczi et aI., 1984 ). An in crease in the content of vasopressin in the CSF has been found in SAH patients (Nelson et al., 1977; Mather et al., 198 1) . No investigation has been un dertaken to determine if vasopressin plays a role in the cerebral vasoconstriction occurring after an SAH.
Oxytocin is known to contract uterine smooth muscle and mammary myoepithelial cells (Rudinger et aI., 1972) , and given in large doses intravenously, it can lower systemic blood pressure (Goldman, 1968) . Recently, oxytocin-containing terminals have been shown on large intracerebral arteries (Recht et al., 1982; Zimmerman et al., 1984) . Its possible role in cerebral vasospasm has not been investigated.
CONCLUSION
The data indicate that both the A I and A2 nuclei participate in the development of vasospasm post SAH. The contrasting spasm patterns after AI and A2 lesions suggest a different mechanism for acute and late spasm.
